Abstract Myocardial infarction (MI) is a lead cause of mortality in the Western world. Treatment of acute MI is focused on restoration of antegrade flow which inhibits further tissue loss, but does not restore function to damaged tissue. Chronic therapy for injured myocardial tissue involves medical therapy that attempts to minimize pathologic remodeling of the heart. End stage therapy for chronic heart failure (CHF) involves inotropic therapy to increase surviving cardiac myocyte function or mechanical augmentation of cardiac performance. Not until the point of heart transplantation, a limited resource at best, does therapy focus on the fundamental problem of needing to replace injured tissue with new contractile tissue. In this setting, the potential for stem cell therapy has garnered significant interest for its potential to regenerate or create new contractile cardiac tissue. While to date adult stem cell therapy in clinical trials has suggested potential benefit, there is waning belief that the approaches used to date lead to regeneration of cardiac tissue. As the literature has better defined the pathways involved in cardiac differentiation, preclinical studies have suggested that stem cell pretreatment to direct stem cell differentiation prior to stem cell transplantation may be a more efficacious strategy for inducing cardiac regeneration. Here we review the available literature on pre-transplantation conditioning of stem cells in an attempt to better understand stem cell behavior and their readiness in cell-based therapy for myocardial regeneration.
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The Promise of Stem Cell-Based Therapy
The success in treatments for a variety of acute conditions has led to the development of a number of unmet clinical needs of patients with chronic end organ dysfunction. The ultimate goal of the treatment of end organ dysfunction is either to prevent the end organ dysfunction initially, or to regenerate the lost tissue to restore function. The increased interest in regeneration and stem cells (SC) during the last decades has suggested the feasibility of stem cell strategies to potentially regenerate lost tissue and repair end-organ function [14, 15] . It is necessary to optimize the generation of end-organ cells for the minimization of oncogenic potential [20] and therapeutic success [22] , whether these approaches invoke the use of adult stem cells (ASC), embryonic stem cells (ESC), or induced pluripotent stem cells (iPS) strategies.
ESC are generated from the inner cell mass of the blastocyst, early after fertlization. ESC are totipotent and able to differentiate into all derivatives of the three primary germ layers: ectoderm, endoderm, and mesoderm [20] . ESC can be maintained in their totipotent state when cultured under specific conditions such as the presence of a mouse embryonic feeder layer or culture in the presence of Leukemia Inhibitory Factor. However, when these support elements are removed, ESC spontaneously differentiate. This differentiation process has the potential to be manipulated by the addition of growth factors, morphogens, or gene transfection to direct the cells toward a certain lineage.
ASC are defined as undifferentiated progenitor cells from an individual after embryonic development [25] . Multiple tissues have been shown to contain organ specific progenitor cells [26] . In the heart, the cells have been shown to be Islet 1+ or c-kit+ and expressing cardiac myosin [27, 28] . Whether these progenitor cells are endogenous to the organ itself or ultimately derived from the bone marrow is still unclear [29, 30] . While these stem cells appear be mobilized to areas of tissue injury it is yet to be demonstrated whether they are capable of differentiating into sustained mature end-organ cells without some level of manipulation or intervention [29, 31] .
iPS, on the other hand, have recently arisen as promising alternatives to ESC without the ethical concerns. iPS are pluripotent stem cells artificially derived from adult somatic cells which have been induced to express a gene expression profile characteristic of embryonic stem cell in response to genetic engineering [32] [33] [34] [35] . iPS are thought to be potentially therapeutically equivalent to embryonic stem cells in many respects, such as the expression of certain stem cell genes and proteins, chromatin methylation patterns, doubling time, embryoid body formation, teratoma formation, viable chimera formation, and potency and differentiability, but the full extent of their potential and possible toxicity are still being assessed [32, 36] .
Clinically the most studied form of stem cell therapy is the use of ASC. The most commonly implemented source of ASC to date is whole bone marrow transplantation for the treatment of blood borne malignancies [37] . This treatment is widely accepted and results in the regeneration of the bone marrow. While successful, it is noteworthy for the purposes of this review that the stem cells used for this purpose do not require differentiation into other forms of tissue, as bone marrow transplantation uses donor adult hematopoietic stem cells to replace host hematopoietic stem cells. Thus, one can hypothesize that for other applications of stem cell therapy to be successful; we may need to effectively and efficiently differentiate stem cell populations into the end organ cells of interest.
Stem Cell Therapy for Cardiac Diseases
There are over 1 million patients with acute myocardial infarction (AMI) and over 400,000 new cases of chronic heart failure (CHF) annually in the United States. Our relative inability to significantly improve the outcomes in patients with CHF has led many to assess the ability of stem cell therapy to prevent and treat cardiac dysfunction [38, 39] . There is growing evidence that the infusion of ASC at the time of AMI and CHF is unlikely to lead to regeneration of myocardial tissue [40] [41] [42] [43] . Rather, the majority of data to date would suggest that the mechanism(s) of benefit seen are due to preservation of cardiac myocytes and revascularization of myocardial tissue. Ultimately to achieve true replacement of damaged myocardial tissue, we will need to achieve regeneration of endothelial cells, smooth muscle cells and cardiac myocytes. While the regeneration of endothelial cells and smooth muscle cells, derived from either bone marrow derived progenitor cells or cardiac stem cells, seems well within our grasp, the ability to regenerate cardiac myocytes still remains to be achieved. [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] . A variation in homing ability may account for this difference as the paracrine factors necessary for the ability of different stem cell populations to migrate and engraft in injured verses remodeled tissue remains unclear [43, 55] . That said, it is clear that there are important differences between newly injured tissue and chronically remodeled tissue that will need to be addressed [56, 57] .
While the presence of potential clinical benefit has been observed in some but not all of the clinical trials to date, [51, 58, 59 ] the lack of myocardial regeneration from bone marrow derived mononuclear preparations has led others to study different populations of stem cells (for additional review of the findings of clinical cardiac stem cell trials see [60] [61] [62] [63] ). The multipotent adult progenitor cell is a bone marrow derived stem cell that has been shown to have the ability to differentiate into end organ cells of all three germ layers. While these cells may offer significant benefit and are under investigation in a Phase I clinical trial in patients with AMI, there is no compelling data that would suggest they can regenerate myocardium [64, 65] . Similarly, we and others have studied the potential use of umbilical cord blood stem cells as a non-controversial population of stem cell that could potentially regenerate myocardial tissue. While these cells too have shown benefit in preclinical models, there is no evidence that they can differentiate into cardiac myocytes [66] .
Strategies of Generating Cardiac Myocytes
The inability to consistently derive cardiac myocytes form adult stem cells has led many to focus on the innate ability of embryonic stems cells (ESC), and more recently iPS cells, to differentiate into cardiac myocytes. Using the hanging drop method of ESC differentiation, a small mass of cells will spontaneously differentiate into cardiac myocytes and begin to beat. In an attempt to purify the cardiac myocytes generated from this strategy, ESC have been transfected with plasmid constructs encoding fluorescent markers or antibiotic resistance under control of the cardiac specific promoters [67] [68] [69] . While these approaches have allowed for the efficient selection of newly generated cardiac myocytes, they do not increase the efficiency of cardiac myocyte generation, nor are they necessarily scalable to allow for use in clinical populations.
The cardiac differentiation potential of iPS is currently under intense investigation as a patient's own somatic cells could be isolated and manipulated to possess pluripotency. Employing the same embryoid body formation method as is used with ESC, iPS can generate functional cardiac myocytes which contract, express cardiac lineage markers, and display accurate electrophysiological properties [70] . Selection for the mesodermal marker Flk-1 (vascular endothelial growth factor receptor-2) from differentiating iPS and then a further coculture with OP9 cells results in the induction of cardiac myocytes [71] . These myocytes have also been demonstrated to be functionally and structurally similar to those derived from ESC but the yield is still low.
Pre-committing of Stem Cells for Cardiac Specification
A number of cells of different origins have been implemented for transplantation in infarcted cardiac tissue, including embryonic and neonatal cardiac myocytes, and cardiac myocyte cell lines as well as skeletal myoblasts, also from adult and perinatal sources, and established myoblast cell lines [72] [73] [74] . Among these cell types, fetal and early postnatal cardiac myocytes have shown to effectively engraft, in situ coordinated beating and improvement in cardiac function [72, [74] [75] [76] . Studies comparing the arrhythmogenic effects of skeletal myoblasts and mesenchymal stem cells have demonstrated the arrhythmogenic potential of skeletal myoblasts and the importance of having connexin protein expression in vivo in order to minimize arrhythmogensis [31, 56, 77, 78] . The main caveat of the research performed with cardiac myocytes of embryonic origin is the graft rejection as the cells have to be isolated from allogeneic specimens. This barrier could be theoretically overcome by therapeutic cloning, ultimately though, the use of embryonic cardiac myocytes for human therapies is unlikely, at least in the near-term, due to the limiting sources and ethical implications of such a cell type.
Pre-transplantation Differentiation of Stem Cells to Cardiomyocytes
The lack of myocardial regeneration by ASC and the inefficient generation of cardiac myocytes from ESC has led to the concept that to achieve myocardial regeneration, manipulation of the cells prior to transplantation will be required [79, 80] . This could include: treating cells with small molecules or proteins to induce cardiac protein expression; cell based gene therapy [55, 81, 82] 
Precommitting Embryonic Stem Cells
Pre-transplantation conditioning/specification of cells to the cardiac phenotype has been widely explored in studies with ESC. The induction of spontaneous beating in vitro of ESC cultured as embryoid bodies with the addition of members of the transforming growth factor family proteins (TGFβ1, BMPs) appears to be a common approach. Coordinated beating areas in the cultures are then isolated, characterized for the expression of cardiac genes, and used for transplantation [67, 86, 87] .
The in vitro generation of cardiogenic cells by this method was first detailed by Klug et al [67] . In this early transplantation report, the authors generated an enriched culture of cardiac myocyte-like cells from mouse ESC by the utilizing the above mentioned methodology and then selecting the cells through antibiotic resistance driven by a cardiac promoter. These cardiac pre-conditioned ESC engrafted and integrated into the host heart effectively and were observed in the tissue up to 7 weeks after transplantation. Heart function was not assessed in this study.
Importantly, while undifferentiated ESC form teratomas following transplantation into the heart, partially or fully differentiated ESC have not been shown to form teratomas following engraftment into the heart [88] .
Later, Kehat at al biochemically characterized the cardiac phenotype of ESC derived cells by the analysis of ultrastructural sarcomeric formation and electrophysiology in response to calcium currents [86] . The same methodology was then used in transplantation reports by Yang et al. [89] . In this work, Yang and coworkers selected spontaneously beating ESC in vitro after several days in culture and, after transplantation, found improved cardiac function and cardiac tissue recovery in an experimental model of MI. Furthermore, overexpression of vascular endothelial growth factor in these cells increased cardiac function and capillary density demonstrating the potential improvements seen with cell based gene therapy.
Some of the most relevant studies on ESC cardiac preconditioning before transplantation are summarized in Table 1 . A noticeable work was performed by Kehat et al where the electrophysiology coupling of human ESCderived cardiac myocytes (ESC-CM) is completely dissected with in vitro cocultures of these cells with rat postnatal cardiac myocytes and in vivo after transplantation in animal models of cardiac dysfunction [90] .
LaFlamme et al (2007) took a two-tiered approach to ESC based therapy of acute MI by preconditioning the cells initially toward cardiac lineage and then treating the cells with a pro-survival cocktail [3] . The directed differentiation of hESC by treatment with BMP4 and Activin increased the yield of myocytes to 30%. The prosurvival cocktail markedly increased cell engraftment and survival. This combination of treatments greatly augmented remuscularization and cardiac function. It is also important to consider the xenogeneic transplantation studies of Menard at al. [7] . Mouse ESC-CM were transplanted into infarcted sheep hearts with or without immunosuppression. ESC-CM were found engrafted in the host heart tissue and cardiac function was improved as determined by left ventricular ejection in both immunocompetent and immunosuppresed conditions. The implications of this work are of great interest for clinical approaches since the procedures were performed in a large clinically relevant preclinical model and provide evidences on the immunological privileges of ESC and their progeny. Whether the immune privilege of ESC extends to humans is unclear as recent studies have demonstrated that human ESC do not survive in a xenogenic model [91] .
While in vivo studies are of critical, significant advances regarding cardiac regeneration have been demonstrated using in vitro systems. The majority of studies assess the induction of cardiac lineage in ESC by antigenic detection regulated by miroRNAs; overepxression of the transcription factors MesP1, Mef2c and Nkx2.5, and GATA 4 or exposure to retinoic acid [84, [92] [93] [94] [95] . It will be important to demonstrate in the future that these pretreatments not only increase the yield but also have the capacity of differentiated cells to function as end organ cardiomyocytes.
Pre-transplantation Differentiation of Adult Stem Cells to Cardiomyocytes
ASC pre-transplantation specification to the cardiac phenotype has received some attention, although not in the clinical realm. To date one could suggest that the ASC type showing the most potential for cardiomyogenic differentiation are stem cells derived from bone marrow-particularly mesenchymal stem cells. The multipotentiality of BMSC has been extensively studied and the potential for differentiation towards a cardiac phenotype has been suggested by some [96] [97] [98] . Bone marrow derived stem cells include hematopoietic stem cells (HSC), which generate white and red blood cells and platelets, and mesenchymal stem cells (MSC), which generate a wide repertoire of cells of mesodermal origin. These include: Bone, cartilage, skeletal muscle, tendon, ligament, marrow stroma, fat and possibly cardiac myocytes [99] . Importantly in the interest of cardiac transplantation, MSC have been shown to express basal levels of major cardiac proteins such as cardiac myosin, actinin and others [100] . These cardiogenic features along with the ability to produce large amounts mesenchymal stem cells in vitro from bone marrow aspirates has fueled increased focus for their use in transplantation.
In general, injection of MSC in infarcted hearts results in MSC engraftment and survival after long periods of time [42, 83, [101] [102] [103] . Cardiac function improvement has also been observed in key reports [21, 42, 83, 101, 102] . MSC most likely have high levels of engraftment due to their capacity to readily occupy the infarcted tissue before cardiac fibroblast do, avoiding fibrotic scar formation and cardiac function degeneration over time [104] . Engrafted MSC secrete survival factors that in turn maintain remaining cardiac myocytes viability and induce endogenous cardiac stem cells to differentiate and recover lost tissue/ function [105] . However, cardiac differentiation of MSC integrated into the infarcted cardiac tissue, in terms of sarcomeric organization and coordinated beating has not been reported to date. In general, as judged by MSC transplantation reports and early clinical trials, it is evident that the ability of these cells to induce therapeutic benefit may need to be enhanced and the key for this improvement may rely on pre-transplantation specification of MSC to the cardiac lineage.
Interestingly, there are a limited number of publications about pre-transplantation specification of MSC as a possible approach to enhance cardiac differentiation after engraftment. Early on, Tomita et al. investigated bone marrow derived cells with induced cardiogenic characteristics in vitro prior to transplantation [106, 107] . This particular study explored the in vitro differentiation of bone marrow stem cells to cardiogenic cells in response to growth factors (TGF-β1 or insulin) or the anti-cancer chemical 5-azacytidine before transplantation into cryoinjured-infarcted hearts. According to the authors, cardiac protein expression and myotubule formation, both characteristics of cardiac differentiation of bone marrow stem cells, was only observed in cells exposed to 5-azacytidine for 24 h and analyzed 7 days later. Furthermore, rats transplanted with 5-azacytidine-pre-treated cells showed cardiac function improvements but not the corresponding controls (untreated cells) or the MSC exposed to growth factors. From this first report on in vitro stem cell preconditioning and transplantation in infarcted hearts, it has become evident that limiting the stem cells (embryonic or adult) multipotentiality in vitro before transplantation by inducing transdifferentiation or specification to the cardiac myocyte lineage may enhance stem cell behavior towards effective integration in the heart tissue and subsequent heart function improvement.
5-azacytidine effects on stem cell cardiac differentiation have been reported in ESC as well as in ASC [108] . The discovery of the cardiogenic induction capabilities of 5-azacytidine on MSC was first reported by Wakitani et al. who described myotubule formation and sudan-black nuclear staining in MSCs exposed to the drug, as indications of cardiac differentiation [109] . Later studies by several groups confirmed the cardiogenic inducing potential of this drug and encouraged studies on the transplantation of preconditioned cells [19, [110] [111] [112] .
While these biologically important studies have enhanced our understanding of stem cell differentiation and the potential for therapeutic benefit of stem cell preconditioning, unfortunately cells pre-exposed to such agents can not, for safety reasons, be transplanted to clinical populations [113, 114] .
In a recent publication pre-treatment of MSC with a combination of growth factors, basic fibroblast growth factor, insulin growth factor-1 and bone morphgenic protein-2 (FGF2/IGF-1/BMP2, respectively) induced cardiac protein expression and antiapoptotic signals in adjacent cardiac myocytes in vitro. Survival signals from MSC to cardiac myocytes appear to be mediated by cell-to-cell communication as determined by conexin-43 involvement in the process. These findings acquire clinical relevance when transplantation of growth factor pre-treated MSC the time of AMI induced by ligation of left ventricular artery, showed salvage of infarcted cardiac tissue and cardiac function improvement determined by shortening fraction [83] . This study detailed the importance of gap junction proteins such as conexin-43, which has enhanced expression in hearts transplanted with growth factor pre-treated MSC. The growth factors used in this particular study (FGF2/IGF-1/BMP2) have been implicated in several distinctly different aspects of cardiogenesis during the heart development. Interestingly, their combinatorial effect on MSC results in in vitro cardiac commitment of MSC. Since the studies performed in this report were carried out in relative short times after MI, it remains unknown whether the mechanisms of inducing survival of host cardiac myocytes in MSC transplanted hearts will have long-term benefits in clinical populations.
Another member of the transforming growth factor (TGFβ) family proteins closely linked to cardiac tissue formation is TGFβ1 [115] . This pleiotropic growth factor has also been used in cardiac differentiation studies in ESC and in MSC pre-conditioning [24, 116, 117] . Enhanced expression of cardiac proteins such as Troponin-I and conexin-43 after 7 days of treatment with TGFβ1 was observed in immunogenic selected MSC expressing the oncogen c-Kit also known as CD117. Li et al., demonstrated that CD117+ cells transplanted into infarcted hearts improve cardiac function determined by cardiac wall thickness and shortening fraction.
A relevant aspect of this study is the inhibition of fibrosis in hearts receiving TGFβ1-pre-conditioned MSC as far as 90 days post-MI. Augmented wall thickness and decreased fibrosis suggest benefits following MSC engraftment and survival in the host tissue. It is of interest the fact that the authors selected CD117+ cells for this study. This marker defines the bone marrow cells as undifferentiated or lineage-negative cells showing highly proliferative capabilities [118] . No experiments were performed with mixed bone marrow cell populations or only MSC cultures which could enhance the cardiogenic potential of the cells to be transplanted. Selection of cells from a variable population such as MSC could make the time of the procedure from bone marrow aspirates to transplantation inconveniently long, potentially decreasing the clinical value of the system particularly in patients with acute myocardial infarction prior to scarring.
Summary
It is clear that there is a significant unmet clinical need driving the development of cell based therapies for the prevention and treatment of cardiac dysfunction. With that goal in mind, a truly amazing level of knowledge has been amassed through initially preclinical and more recently clinical studies on the mechanisms and clinical potential of stem cell based myocardial repair. While there is evidence of some benefit to date [51] , it is quite clear that we have not achieved our ultimate goal of replacing lost contractile tissue with functioning new cardiac myocytes. It would appear that simply placing stem cells that may have cardiac myocyte potential in the newly or remotely injured myocardial environment does not appear sufficient to direct cardiac myocyte differentiation. If so, and the preponderance of data to date would support that conclusion, then stem cells will need to be pre-conditioned to direct differentiation down a cardiac fate. This preconditioning will either induce cardiac differentiation as in ASC, or lead to more efficient cardiac myocyte development as in the case of ESC and iPS. Regardless, it is clear that unraveling the pathways responsible for stem cell transdifferentiation and cardiac differentiation is critically important at this juncture of the development of cell based therapies for the heart. The development of practical strategies either in the form of small molecules or gene therapy that allow for preconditioning and commitment of stem cells to a cardiac fate may be the next significant step forward in improving the outcomes of patients with heart disease.
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